ABSTRACT Fruit ßies (Diptera: Tephritidae) are important pests of many fruits and vegetables. In this study, the external morphology, types, and distribution of antennal sensilla in both male and female adults of the six fruit ßy species, including Bactrocera tau (Walker), Bactrocera dorsalis (Hendel), Bactrocera cucurbitae (Coquillett), Bactrocera minax (Enderlein), Bactrocera diaphora (Hendel), and Bactrocera scutellata (Hendel), were observed by using scanning electron microscopy. The antennae of the six fruit ßy species consist of a basal scape, pedicel, and an elongated ßagellum. Arising from the proximal dorsal ridge of ßagellum there is an arista consisting of two short basal segments and a long thin distal segment. Six distinct morphological types of sensilla are recorded in both sexes, including microtrichial sensilla, sensilla chaetica, sensilla trichoid, sensilla basiconica, short type of sensilla basiconica, and sensilla coeloconica. The abundance and distribution of these six sensilla types on the antennae of both sexes are recorded. In addition, the possible functions of the above-mentioned sensilla types are discussed in light of previously published literature. The functions include the mechanoreception of microtrichial sensilla, sensilla chaetica, and sensilla trichoid; olfactory functions of sensilla basiconic, and sensilla coeloconica; and thermoreception of the short type of sensilla basiconica. Future functional antennal morphology and electrophysiological studies are needed to conÞrm these proposed functions.
important insect pests worldwide with the larval stages being frugivorous on a wide range of fruits and vegetables (Clarke et al. 2005) . The family Tephritidae includes Ͼ4,000 species arranged in Ϸ500 genera (Foote et al. 1993) . The genera Bactrocera Macquart, Ceratitis MacLeay, and Anastrepha Schiner are the most agriculturally important genera of ßies causing signiÞcant economic losses by direct fruit damage, fruit drop and loss of export markets through quarantine restrictions (Aluja and Mangan 2008) . Bactrocera is a large genus of tephritid fruit ßies, with Ͼ500 species currently described, and these species are widely distributed in the Asia-PaciÞc region and includes many economically important species that cause great losses in fruit and vegetable crops (Muraji and Nakahara 2002) . Based on our survey in China, Bactrocera tau (Walker), Bactrocera dorsalis (Hendel), Bactrocera cucurbitae (Coquillett), Bactrocera minax (Enderlein), Bactrocera diaphora (Hendel), and Bactrocera scutellata (Hendel) are commonly found in the Þeld. Among these six species, the oriental fruit ßy, B. dorsalis, is one of the most economically important fruit ßy pests (Clarke et al. 2005) . As a polyphagous species, this insect has the potential to invade new areas and adapting to new host plants. The ramiÞcations of the possible introduction in other economically signiÞcant fruit growing regions worldwide are cause for serious concern (Yu et al., 2007) . Furthermore, many of the monitoring and control techniques for tephritid ßies use olfactory based behavioral manipulation (Hull and Cribb 1997) . Therefore, an understanding of the antennal morphology is crucial to perform subsequent studies on insect olfaction. This knowledge can be integrated with molecular, genetic, and behavioral research to construct an integral olfactory system model for species of interest (de Bruyne et al. 2001 , Castrejó n-Gó mez and Rojas 2009).
The antennae of adult insects have various types of sensilla with different functions and play an important role in various behaviors during adult life. Antennal sensilla are important sensory receptors implicated in host location and discrimination behaviors (Schneider 1964) . A better comprehension of chemoreception and associated behavioral responses may be gained through knowledge of the morphology and types of chemosensilla located on the antenna (Zacharuk 1985 , Keil 1999 . The antennal morphology and types of sensilla have been described for several tephritid spe-cies of economic importance. Among these are Bactrocera oleae (Rossi) (Hallberg et al. 1984) , Bactrocera tryoni (Froggatt) (Giannakakis and Fletcher 1985, Hull and Cribb 1997) , Anastrepha ludens (Loew), B. cucurbitae, B. dorsalis (Dickens et al. 1988) , Ceratitis capitata (Wiedemann) (Hansson et al. 1987 , Mayo et al. 1987 , Dickens et al. 1988 , Bigiani et al. 1989 , Toxotrypana curvicauda Gerstaecker (ArzufÞ et al. 2008) , and Anastrepha serpentina (Wiedemann) (Castrejó n-Gó mez and Rojas 2009). However, little work has been published describing the accurate abundance of each type of tephritid antennal sensilla (ArzufÞ et al. 2008) . As part of our ongoing research on olfactory, mate, and host location mechanisms among tephritid species, it became imperative to characterize and determine the abundance and distribution of antennal sensilla of different fruit ßies using scanning electron microscopy (SEM) techniques. This study was initiated to investigate the antennal sensilla morphology in six fruit ßy species, including B. tau, B. dorsalis, B. cucurbitae, B. minax, B. diaphora, and B. scutellata , as a prerequisite for future electrophysiological studies of the antennal sensory system involved in chemical communication.
Materials and Methods
Insects. The adults of six species of fruit ßies, including Bactrocera tau, B. dorsalis, B. cucurbitae, B. minax, B. diaphora, and B. scutellata, were collected using a bait trap from citrus orchards with navel orange, Citrus reticulata L., in Yunnan and Chongqing, China, in 2008. After identiÞcation, they were kept in 70% alcohol before being prepared for the SEM process. Voucher specimens were deposited at the insect collection of Southwest University, Chongqing, PeopleÕs Republic of China.
SEM. Approximately 20 adults of each six species of fruit Þles were decapitated under a stereomicroscope (SZX12; Olympus, Tokyo, Japan) by using a sharp blade. The antennae of males and females were removed separately and Þxed in 2.5% glutaraldehyde mixed with phosphate buffer solution, pH 7.4, at 4ЊC for 24 h. Then they were subjected to postÞxation in 1% osmium for 2 h. After washing three times for 15 min in double-distilled H 2 O, the antennae were dehydrated in a graded alcohol series of 30, 50, 70, 80, 90% and absolute ethanol for 15 min in each concentration. This dehydration process was followed by criticalpoint drying. Subsequently, either the ventral or dorsal sides of antennae were mounted on sticky tape. Immediately before the observation, the antennae were sputter coated with gold in an E-1010 highresolution sputter coater (Hitachi, Tokyo, Japan). The specimens were examined in an S-3000N SEM (Hitachi) operated at 15 kV.
Statistical Analysis. Sensilla on the dorsal and ventral surfaces of the antennae of the six species of fruit ßies from both sexes were identiÞed, counted, and measured. The morphological terminology used here followed those of Schneider (1964) , Zacharuk (1985) , and Dickens et al. (1988) . The dimensions of the different antennal segments of both sexes of the six fruit ßy species were measured, respectively. In total, three to Þve antennae were observed for each fruit ßy species, respectively. Measurements (micrometers) obtained from photomicrographs of three to Þve individual sensilla of the same type were used to calculate means. It was not possible to count the number of sensilla on the ßagellum segments due to the great density over the whole ßagellum. Therefore, in this study we use the numbers of various types of sensilla per unit area to reßect the overall sensilla tendency on the ßagellum. A small area on the base, middle, and distal end of the ßagellum at similar antenna was randomly chosen and the number of each type of sensilla was counted. The area of each sampling photograph quadrat is 3,072 m 2 , with magniÞcation at 2,000ϫ. Then the values were converted to density number per unit area of 10,000 m 2 . The data were analyzed by analysis of variance (ANOVA) test when signiÞcant F-values were obtained (P Ͻ 0.05) by using the SPSS for Windows 10.0 (SPSS Inc., Chicago, IL).
Results
General Antennae Morphology. The antennae of the six studied species of fruit ßies are located in the antennal pit, between the compound eyes. The antennae of female and male of these six fruit ßy species are aristae in shape. Each antenna consists of a basal scape, pedicel, and an elongated ßagellum ( Fig. 1A and G). Arising from the proximal dorsal ridge of ßagellum there is an arista consisting of two short basal segments and a long thin distal segment (Fig. 1H) . The scape length of B. minax females (548 Ð 618 m) was signiÞcantly longer than those of other species of fruit ßies (F ϭ 50.790; df ϭ 5, 16; P Ͻ 0.001; Table 1 ). Male B. minax scape length (380 Ð 407 m) was also significantly longer than the other Þve ßies (F ϭ 58.122; df ϭ 5, 16; P Ͻ 0.001; Table 1 ). Similarly, female B. minax pedicel (658 Ð766 m) was longer than other Þve ßies (F ϭ 16.529; df ϭ 5, 16; P Ͻ 0.001; Table 1 ); however, male B. scutellata pedical length (412Ð 471 m) was signiÞcantly longer than those of B. tau, B. dorsalis, B. cucurbitae, and B. diaphora (F ϭ 33.201; df ϭ 5, 16; P Ͻ 0.001; Table 1 ). The B. minax female ßagellum (1,101Ð 1,291 m) was the longest among the six fruit ßy species (F ϭ 14.327; df ϭ 5, 16; P Ͻ 0.001; Table 1 ), in addition male ßagellum length (1,051Ð1,145 m) was signiÞcantly longer than those of other Þve fruit ßy species (F ϭ 12.486; df ϭ 5, 16; P Ͻ 0.001; Table 1 ). The male fruit ßies arista lengths were found to be similar (Table 1) , whereas female B. minax arista length of (1,545Ð1,909 m) was signiÞcantly longer than those of the other Þve fruit ßies (F ϭ 7.109; df ϭ 5, 16; P ϭ 0.001; Table 1 ). On the whole, total antenna length of B. minax females (2,315Ð2,559 m) was longer than other Þve ßy species (F ϭ 28.603; df ϭ 5, 16; P Ͻ 0.001; Table 1 ), and the total antenna length of male B. minax (2,029 Ð2,139 m) was the longest among the six fruit ßy species (F ϭ 53.643; df ϭ 5, 16; P Ͻ 0.001; Table 1 ).
Types of Antennal Sensilla. In total six morphologically different types of sensilla were observed on the antennae of six species of female and male fruit ßies. They are microtrichial sensilla, sensilla chaetica, sensilla trichoid, sensilla basiconic, short type of sensilla basiconica, and sensilla coeloconica. The length and basal diameter of these antennal sensilla for each species were summarized in Table 2 .
Mictrotrichial Sensilla (MI). The scape and pedicel of antennae on female and male of the six fruit ßy species are densely covered by parallel rows of these numerous small microtrichial sensilla (Fig. 1B and D and E) . The MI has slight sharp-tipped hairs with grooved cuticle (Fig. 1E) . The MI lengths on male B. minax (15Ð16.2 m) were signiÞcantly longer than those of the other Þve fruit ßies (F ϭ 17.221; df ϭ 5, 21; P Ͻ 0.001; Table 2 ). The MI basal diameters among the six fruit ßy species were similar (Table 2) .
Sensilla Chaetia (SC). The SC is characterized by grooved surface and straight hairs with sharp tip (Fig.  1C and F) . The SC are only located on the anterior of scape and pedicel ( Fig. 1B and C, and D) . The SC hairs are the longest among the six type sensilla (Table 2) . Similarly, the SC lengths on male B. minax (92.8 Ð106.2 m) were signiÞcantly longer than those of the other Þve species (F ϭ 8.431; df ϭ 5, 21; P Ͻ 0.001; Table 2 ). The SC basal diameters of among the six fruit ßy species were similar (Table 2) . Sensilla Trichoid (ST). The ST has blunt-tipped hairs with strong longitudinal grooves and is nearly straight or slightly curved toward the ßagellum shaft (Figs. 2A and B, 4A and B, and 5C and D) . The ST lengths and basal diameters were not signiÞcantly different between either female or male among the six fruit ßy species (Table 2) .
Sensilla Basiconic (SB). The SB is characterized by a smooth cuticle and straight or slightly curved hairs with blunt tip (Figs. 2C and D, 4C and D, and 5C and D) . The length and basal diameter were similar between female and male of the six fruit ßy species. However, the SB lengths on female B. minax (20.6 Ð 25.0 m) and female B. diaphora (21.6 Ð23.6 m) were signiÞcantly longer than those of B. tau, B. cucurbitae, and B. scutellata (F ϭ 4.667; df ϭ 5, 21; P ϭ 0.005; Table 2 ).
Short type of Sensilla Basiconica (SSB). The SSB has straight hairs with smooth cuticle and blunt tip (Figs. 2D,  3A and B, and 4A and C). They are set into a tight socket. The morphology of SSB are similar to SB (Figs. 2D and 3C) but are smaller than SB (Table 2 ). Male B. minax SSB lengths (19.5Ð20.5 m) were signiÞcantly longer than those of the other Þve fruit ßies (F ϭ 77.762; df ϭ 5, 21; P Ͻ 0.001; Table 2 ). The SSB basal diameters were similar among the six fruit ßy species (Table 2) . Sensilla Coeloconica (SCo). This type of sensilla is characterized by grooved surface and straight pegs with blunt tip (Figs. 3C and D and 5BÐD) . They are inserted into wide sockets (Figs. 3D and 5C ). This Means with a column in the same genders followed by the same letters are not signiÞcantly differently (P Ͼ 0.05; GLM) in ANOVA (least signiÞcant difference). Values are mean Ϯ SE number of each type of sensilla on each antennal segment were counted. Means with a column in the same genders followed by the same letters are not signiÞcantly differently (P Ͼ 0.05; GLM) in ANOVA (least signiÞcant difference). sensillum is the smallest among the six sensilla types (Table 2 ). There were no signiÞcant differences between sexes for SCo lengths and basal diameters (Table 2) .
Abundance and Distribution of Antennal Sensilla. Each type of sensilla has a speciÞc number, location on the antennomeres, and distribution pattern along the antennae. Major differences among the six fruit ßy species are evident in the abundance and distribution of antennal sensilla types on the antennae (Table 3) . The distribution pattern of the six antennae sensilla types of both sexes was very similar (Table 3 ). The number of MI on the scape of B. minax females (495Ð 537) was signiÞcantly greater than those of the other Þve ßies (F ϭ 18.098; df ϭ 5, 12; P Ͻ 0.001; Table 3 ), meanwhile the abundance of MI on the male B. minax scape (408 Ð 416) was signiÞcantly greater than those of the other Þve ßies (F ϭ 8.388; df ϭ 5, 12; P ϭ 0.001; Table 3 ). Although the abundance of SC on the scape of female and male of the six fruit ßy species were very similar ( Table 3 ). The abundance of MI on the pedicel was greater than those on the scape; B. minax females had signiÞcantly more MI on the pedicel (1,082Ð1,222) than B. tau, B. dorsalis, B. cucurbitae, or B. scutellata (F ϭ 5.925; df ϭ 5, 12; P ϭ 0.006; Table 3 ). The abundance of SC on the scape of B. scutellata females (78 Ð 86) was signiÞcantly greater than those of the other Þve ßies (F ϭ 7.953; df ϭ 5, 12; P ϭ 0.002; Table  3 ), whereas the abundance of SC on the pedicel of B. tau males (39 Ð 61) was signiÞcantly lower than B. minax, B. diaphora, or B. scutellata (F ϭ 2.565; df ϭ 5, 12; P ϭ 0.005; Table 3 ). The density of ST on the ßagellum of B. dorsalis females (239 Ð257) and males (226 Ð260) was greater than the other species (females: F ϭ 32.412; df ϭ 5, 12; P Ͻ 0.001 and males: F ϭ 18.656; df ϭ 5, 12; P Ͻ 0.001; Table 3 ). The abundance of SB on the ßagellum of B. cucurbitae females (29 Ð35) was signiÞcantly lower than those of B. tau, B. diaphora, or B. scutellata (F ϭ 3.776; df ϭ 5, 12; P ϭ 0.028; Table 3 ). The SSB density on the ßagellum of B. dorsalis males (32Ð37) was signiÞcantly greater than those of either B. diaphora or B. scutellata (F ϭ 3.257; df ϭ 5, 12; P ϭ 0.044; Table 3 ). The SCo abundance on the ßagellum of female and male fruit ßies was similar to each other (Table 3) .
Discussion
The external morphology, types, abundance, and distribution of the antennal sensilla of the six fruit ßy species described in this study are similar to those reported for other fruit ßy species (Hallberg et al. 1984 , Hansson et al. 1987 , Dickens et al. 1988 , Bigiani et al. 1989 , Hull and Cribb 1997 , ArzufÞ et al. 2008 , Castrejó n-Gó mez and Rojas 2009 . No sexual differences in the total length of the antennae among the six fruit ßy species except for B. minax were found in this study. Total body size of both sexes of B. minax is also greater than those of the other Þve species. Castrejó n-Gó mez and Rojas (2009) also reported a lack of sexual dimorphism in the shape of the antennae of A. serpentina.
The MI described in this study are similar to those on the antennae of several Diptera families such as Calliphoridae (Fernandes et al. 2004 , Sukontason et al. 2004 , Cuterebridae (Fernandes et al. 2002) , Drosophilidae (Shanbhag et al. 1999 , Stocker 2001 , Muscidae (Sukontason et al. 2007 ), Phoridae (Sukontason et al. 2005, Chen and Fadamiro 2008) , and Tephritidae (Dickens et al. 1988 , ArzufÞ et al. 2008 , Castrejó n-Gó mez and Rojas 2009). MI is classiÞed as nonsensory hairs or setae (Mellor and Anderson 1995) . MI observed on the antennae is frequently designated by noninnervate spinules, spines, or trichomes in some insect species (Shanbhag et al. 1999 , Miranda 2000 , Fernandes et al. 2004 , Sukontason et al. 2007 , Hu et al. 2009 ). In this study, MI on the surface of the scape and pedicel of the six fruit ßy species may be mechanoreceptors similar to those demonstrated in C. capitata (Miranda 2000) .
The longitudinally striated sensilla chaetia, located in the distal margins of the scape and the pedicel of the six fruit ßy species, also have been observed in B. oleae (Hallberg et al. 1984) , B. tryoni (Giannakakis and Fletcher 1985 , Hull and Cribb 1997 ), A. ludens, B. cucurbitae, B. dorsalis (Dickens et al. 1988 , C. capitata (Hansson et al. 1987 , Mayo et al. 1987 , Dickens et al. 1988 , Bigiani et al. 1989 ), T. curvicauda (ArzufÞ et al. 2008 , and A. serpentina (Castrejó n-Gó mez and Rojas 2009). These sensilla may function as mechanoreceptors and be involved in the orientation of the antennae, because of their socketed base and longitudinally striated surface structure (Dickens et al. 1988, Castrejó n-Gó mez and Rojas 2009) .
Sensilla trichoid resemble the "sensilla trichoid type I" in B. tryoni (Giannakakis and Fletcher 1985) , "Mp-sw thick-walled sensilla" in B. tryoni (Hull and Cribb 1997) , "spinules" in Drosophila melanogaster (Meigen) (Diptera: Drosophilidae) (Shanbhag et al. 1999), and "thick-walled multiporous pitted sensilla" in A. serpentina (Castrejó n-Gó mez and Rojas 2009), respectively. This type of sensilla is the most abundant type of sensilla occurring on the ßagellum of both sexes of the six species. No branching dendrites of the "Mp-sw thick-walled sensilla" in B. tryoni were detected with transmission electron microscopy (Hull and Cribb 1997) ; therefore the sensilla may have a mechanoreception function for protecting the surface of the ßagellum.
Sensilla basiconic on ßagellum of the six fruit ßy species are common on the antennal ßagellum of dipterans (Mayo et al. 1987 , Dickens et al. 1988 , Shanbhag et al. 1999 , Sukontason et al. 2007 , ArzufÞ et al. 2008 , Chen and Fadamiro 2008 , Castrejó n-Gó mez and Rojas 2009 . In this study, we were unable to observe the cuticular pores in the sensilla, possibly because the Þxation procedure rendered them invisible. However, with nonsocketed bases it is possible that they may have an olfactory function as reported for other species of Tephritidae (Mayo et al. 1987 , Dickens et al. 1988 , Castrejó n-Gó mez and Rojas 2009). The occurrence of SB with thin walls, high pore density, and dendritic branches also suggest an olfactory function (Shanbhag et al. 1999) , which has been veriÞed by the use of electrophysiological recordings in Phoracantha semipunctata (F.) (Coleoptera: Cerambycidae) (Lopes et al. 2002) .
The short type of sensilla basiconica observed in this study was similar in morphology to those recorded in C. capitata (Hansson et al. 1987 , Mayo et al. 1987 and A. serpentina (Castrejó n-Gó mez and Rojas 2009). As cuticular pores were observed in the walls of these SSB, it has been suggested that they could have an olfactory function (Hansson et al. 1987 , Mayo et al. 1987 or operate as the thermosensitive sensilla (Ross and Anderson 1991) . However, the sensilla also may play a role as CO 2 receptors as in B. tryoni (Hull and Cribb 2001) .
The sensilla coeloconica were the most morphologically distinct and least abundant sensilla type on the ßagellum of the six fruit ßy species. These Þnger-like sensilla are similar in structure to the "doublewalled sensilla coeloconica" reported for D. melanogaster (Shanbhag et al. 1999) , "pit pegs" for Dermatobia hominis (L. Jr.) (Diptera: Oestridae) (Fernandes et al. 2002) , "thick and nonporous wall sensilla" for Megaselia scalaris (Loew) (Diptera: Phoridae) (Sukontason et al. 2005) , and "multiporous grooved sensilla" for A. serpentina (Cas- trejó n-Gó mez and Rojas 2009). The probable functions of these sensilla are chemo-or thermoreception (Zacharuk 1985) . Mayo et al. (1987) also suggested that this type of sensilla may have an olfactory function. Hansson et al. (1987) , however, suggested that these sensilla could not be olfactory due to the lack of pores in their walls. Pores were not visible from the Þgures of these sensilla. Our ob- servations suggest that the sensilla coeloconica on the ßagellum of the six fruit ßy species may function in thermoreception. Some studies have reported an olfactory pit on the ßagellum of many dipterans (Hansson et al. 1987 , Dickens et al. 1988 , Sukontason et al. 2004 , Castrejó n-Gó mez and Rojas 2009); however, we did not Þnd sensory pits on the ßagellum of the six fruit ßy species. Similar results were also reported for antennae of Pseudacteon tricuspis Borgmeier (Diptera: Phoridae) (Chen and Fadamiro 2008) .
In conclusion, the current study has identiÞed and characterized the distribution of different sensilla types in the six Bactrocera species, including microtrichial sensilla, sensilla chaetica, and sensilla trichoid, that are likely involved in mechanoreception, as well as sensilla basiconic, and sensilla coeloconica that may have an olfactory function, and short type of sensilla basiconica that may be a thermoreceptor. Future functional antennal morphology and electrophysiological studies are needed to conÞrm the proposed functions of the identiÞed sensilla in this study. These results will provide necessary background information for our ongoing studies of interspeciÞc competition and mate and host location mechanisms in fruit ßies.
